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new cars being registered, change in the market share of new cars, change in fuel consumption by vehicle type, and change in the annual average travel distance by vehicle type. Although there is a variety of IDA methods, we employed the Shapley/Sun IDA method in the spirit of Sun (1998) . In this article, following Ang et al. (2009) , we formulated the Shapley/Sun IDA method equivalent to the Shapley decomposition method proposed by Shapley (1953) . 1 The decomposition results of the study will facilitate a quantitative assessment of the extent to which the recent expansion of light vehicles and hybrid cars in the market is contributing to a reduction in gasoline consumption.
In addition, we reconciled the well-known rebound effect analysis for motor vehicles (see Greene 1992; Jones 1993; Goldberg 1998; Greene et al. 1999; Greening et al. 2000; Small and Van Dender 2007; Mizobuchi 2011) with the IDA method proposed in this study and estimated the economy-wide energy impacts of the direct rebound representing that improved fuel mileage causes additional travel. Specifically, the economy-wide energy impacts of the direct rebound were estimated by substituting the dependent relationship between fuel economy change and travel distance change into the index decomposition formula regarding the effect of the change in travel distance on gasoline consumption. The main objective of this article is to finally analyze the sources of changes in gasoline consumption in Japan over time by investigating the contributions of the five factors mentioned above and the direct rebound effects for motor vehicles.
This article is organized as follows: Sect. 1 describes the research motivation and background, Sect. 2 formulates the Shapley/Sun IDA method regarding gasoline consumption, Sect. 3 illustrates the data construction, Sect. 4 presents results and discussion, and Sect. 5 concludes the paper.
Methodology

Estimate of Annual Gasoline Consumption
Below, we first formulate annual domestic gasoline consumption. If the total number of cars newly purchased in the year t is defined as C t and the market share of the new cars of type k is defined as γ t,k , the number of new cars of type k in the year t can be expressed as γ t,k C t . Accordingly, the annual driving distance of the type k cars can be obtained as d t,k γ t,k C t (km), where d t,k is the annual average distance driven per car. Dividing this annual driving distance d t,k γ t,k C t (km) by the fuel economy of the type k cars, e t,k (km/L), yields the annual gasoline consumption of the type k cars.
Summing over all of the type k cars, we can estimate the annual gasoline consumption of new cars as follows (see Kagawa et al. 2011) :
(1)
We examined three types of cars: ordinary passenger cars (cars that exceeded any of the kei passenger car specifications are classified into this category), kei passenger cars (engine displacement ≤ 660 cc, vehicle length ≤ 3.40 m, vehicle width ≤ 1.48 m, vehicle height ≤ 2.00 m), and hybrid passenger cars (cars fitted with a gasoline engine and an electric motor), the respective market shares of which can be represented as γ t,1 + γ t,2 + γ t,3 = 1.
To estimate the annual gasoline consumption of vintage passenger cars, we assume that if K t−y t,k is the number of newly registered vehicles of type k during the year t − y, then r t is the proper value indicating that the oldest vehicles existing in the year t were registered during the year t − r t , and the stock of the vintage passenger cars can be obtained as
where the range of y is 1 ≤ y ≤ r t . Here, assuming that the annual average driving distance of a vintage car of type k is equivalent to the annual average driving distance of a new car of type k, we can estimate the annual gasoline consumption of vintage cars by dividing the annual driving distance of vintage cars, d t,k K t−y t,k (km), by the fuel economy of vintage cars, e t−y t,k (km/L) (see Kagawa et al. 2011) .
(
By combining Eqs. (1) and (3), we can estimate the annual gasoline consumption of passenger cars (new passenger cars and vintage passenger cars) as follows:
Here, the first term on the right-hand side of Eq. (4) represents the annual gasoline consumption of new cars and the second term represents the annual gasoline consumption of vintage passenger cars.
Decomposition Analysis
From Eq. (4), the change in the annual gasoline consumption between the year t − 1 and the year t can be written as
Using the structural decomposition analysis, we can empirically examine the sources of the change in annual gasoline consumption. We will first present the structural decomposition analysis of the gasoline consumption of new cars, i.e., the first term on the right-hand side of Eq. (4). From Eq. (1), the annual gasoline consumption in the year t and t − 1 can be written as
and
respectively. From Eqs. (6) and (7), the change in gasoline consumption between the year t − 1 and t can be obtained as follows:
Since we have the four sources of changes in gasoline consumption, i.e., change in the annual average driving distance, d k = d t,k − d t−1,k , change in the market share, γ k = γ t,k − γ t−1,k , change in the total number of new passenger cars, C = C t − C t−1 , and change in the reciprocal of fuel economy, e −1 k = e −1 t,k − e −1 t−1,k , the 4! = 24 equivalent decomposition formulae can be obtained as follows (see Ang et al. 2003; Los 1998, 2000) .
where the first term on the right-hand side of Eq. (9) is the effect of the change in the annual average driving distance on gasoline consumption of new cars, the second term is the effect of the change in the market share of new passenger cars, the third term is the effect of the change in the total number of new passenger cars, and the forth term is the effect of the change in the fuel economy of new passenger cars. Following Los (1998, 2000) and Ang et al. (2003) , for example, taking an average of the first terms on the right-hand side of Eq. (9) yields the average effects of the annual average driving distance. 2 Ang et al. (2003) and de Boer (2009) elegantly showed the similarity between the index decomposition analysis proposed by Sun (1998) and the Shapley value widely used in game theory (Shapley 1953) . Following Ang et al. (2003) , the average effects of the annual average driving distance can also be written as follows:
where N denotes the number of determinants (i.e., sources examined in the study) and |s 1 | is the number of determinants with a subscript t. Similarly, using the expression shown in Eq. (10), the average effects of the changes in the market share of new 2 We can formulate the average effects of the annual average driving distance as follows:
passenger cars, the changes in the total number of new passenger cars, and the change in the reciprocal of the fuel economy on gasoline consumption can be formulated as
respectively, where
which gives us the following decomposition formula for new passenger cars:
We will now proceed with the decomposition analysis of the gasoline consumption of vintage passenger cars. The gasoline consumption of vintage passenger cars of type k in the years t and t − 1 can be estimated by using Eq.
(3) as follows:
Accordingly, the change in the gasoline consumption of vintage passenger cars is In this study, we assumed that if the vintages (superscripts) are the same, then the fuel economy of passenger cars will also be the same, irrespective of year. For the above example, this means that e 1995 2000,k = e 1995 2001,k , or more generally that e v t,k = e v t−1,k , where ν represents the car vintage. It should be noted that the fuel economy across car ages is different as shown Table 6 .
Using the relationship r t = r t−1 + 1, in the sense that car age in the year t is equal to car age in the year t − 1 plus 1, Eq. (19) can be further transformed into an algebraic form as follows:
Since we assume the relationship e t,k = e t−1,k in Eq. (20), then the change in the gasoline consumption of vintage passenger cars can be decomposed into changes in the annual average driving distance of vintage passenger cars, d k = d t,k − d t−1,k , and changes in the stock of vintage passenger cars, K k = K t,k − K t−1,k . The effects of these changes on the gasoline consumption of vintage passenger cars can then be formulated as follows:
where
Consequently, the following structural decomposition analysis of vintage passenger cars can be represented as
Combining Eq. (16) with Eq. (24) yields the structural decomposition analysis of the gasoline consumption associated with driving new passenger cars and vintage passenger cars.
Or alternatively, summing over car types, we have the following relationship:
In this study, we abbreviated the effect of the change in the annual average driving distance on gasoline consumption of new and vintage cars (the first term of Eq. (25) (or Eq. (26) 
Data Compilation
Sales data for the number of ordinary passenger cars newly purchased from 2000 (FY) to 2007 (FY) were obtained from the Japan Automobile Dealers Association (JADA 2010). Sales data for hybrid cars were obtained from "hybrid-eco.net" (2011, http://hybrid-eco.net/hanbaidaisu.html). For light vehicles, sales data collated by the Japan Mini Vehicle Association were used (JMVA 2011). Table 1 shows the number of passenger automobiles (ordinary, hybrid, and kei passenger cars) newly purchased during the study period.
Regarding data for the number of existing vintage cars owned during the period 2000-2007, data presented by the Automobile Inspection & Registration Information Association (AIRIA 2011) were used for ordinary passenger cars and hybrid cars (see Tables 2 and 3 ). For kei passenger cars, we used an annual report on car ownership data that stated the number of kei passenger cars that were owned at the end of March for the years 2001-2008 (see http://www.zenkeijikyo.or.jp/statistics/index.html, last visited on June 21, 2011). Unfortunately, no car ownership data is available for vintage kei passenger cars. We therefore estimated the number of vintage kei passenger To calculate average annual travel distance of each passenger automobile, total travel distance data (km) for each vehicle, obtained from the "Annual Report of Road Transport Statistics" by the Ministry of Land, Infrastructure, Transport, and Tourism (MLIT 2007) , was divided by the total number of cars of different vehicle-types (number of cars). Table 5 shows the average annual travel distance of each passenger automobile.
We used the 10 · 15-mode fuel efficiency as defined by the Energy and Economic Statistics Survey (EDMC) in Japan (EDMC 2010). The 10 · 15-mode fuel efficiency refers to a Japanese fuel efficiency standard for the driving pattern and relationship between velocity and acceleration (see Kudoh et al. 2004 for the Japanese fuel efficiency standard and Schipper et al. 1993 for an argument on the gap between actual fuel efficiency and fuel efficiency standard). Since practical sales of hybrid cars in the Japanese market only started in 1997, previous data are not available. However, the fuel efficiency data that are available is shown in Table 6 . fiscal 2004 and a reduction of −828 ML during fiscal 2005-2006, which was the maximum reduction recorded during the study period. Figure 1 shows the respective contributions of five factors to the change in gasoline consumption considered in this study (see Eq. (26) for the five factors). Regarding the change in these factors during fiscal 2005-2006, when the reduction in gasoline consumption was the greatest, the influence of a reduction in the average annual travel distance on annual gasoline consumption was −934 ML, which was the large reduction observed during fiscal 2005-2006 (see the AD-effect of Fig. 1) . Thus, the change in the status of car possession was considered to act as a factor affecting increased gasoline consumption during the same period. In the following subsection, the contributions of kei passenger cars, hybrid cars, and ordinary passenger cars to the five factors will be clarified, and the effects of car model type on gasoline consumption will be analyzed in detail. Figure 2 presents the influences of changes in annual average travel distance on gasoline consumption by vehicles of a particular type. From Fig. 2 , it is apparent that ordinary passenger cars contributed considerably to the change in gasoline consumption by changes in annual average travel distance. From fiscal 2005-2006, when the reduction in annual gasoline consumption was the greatest (see Table 7 ), the effect of a reduction in the annual average travel distance of ordinary passenger cars was equivalent to −916 ML, which is equivalent to 98 % of the effects due to changes in annual average travel distance. Importantly, this reduction corresponds to approximately 2.3 % of annual gasoline consumption in fiscal 2005. We also find that the average effect of travel distance by ordinary passenger cars on annual gasoline consumption during the study period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) was −1.2 %. One reason for the considerable contribution of gasoline-powered ordinary passenger cars to the increase in the overall gasoline consumption was prevalence of gasoline-powered, ordinary passenger cars in Japan. The proportion of ordinary passenger cars owned in fiscal 2005 and 2006 to the total number of existing cars in that period was approximately 74 %; it was approximately 26 % for kei passenger cars and about 0.4 % for hybrid cars. Accordingly, in response to the changes in the annual average travel distance of ordinary passenger cars, the contribution of these ordinary passenger cars to the change in gasoline consumption (or emissions) increased over time. it can be understood that the change in the fuel mileage of ordinary passenger cars contributed markedly to reducing the total annual gasoline consumption. Importantly, changes in the fuel mileage of hybrid cars had very little influence on the changes in overall gasoline consumption. Average fuel consumption efficiency for the vehicles of each type during the period examined (fiscal 2000-2007) was 29.3 km/L for hybrid cars, 17.5 km/L for kei passenger cars, and 13.8 km/L for ordinary passenger cars, with the latter considered to be low. Consequently, because fuel consumption efficiency of ordinary passenger cars is inferior to that of the other two car types, the impact of changes in fuel consumption would be more noticeable in ordinary passenger cars than they would be in either kei passenger cars or hybrid cars. There is thus potential for improving fuel consumption further, particularly since the sales volumes of ordinary passenger cars are increasing. Figure 5 shows the effects of changes in the market share of newly registered cars. Throughout the analysis period, the influence of changes in market share is not great compared to the effects that are attributable to changes in other components. An important finding is that the change in the market share of kei passenger cars contributed to increasing gasoline consumption during fiscal 2005-2006, while that of ordinary passenger cars conversely contributed to remarkably reducing gasoline consumption during the same period. It can be inferred from Fig. 5 that the market shares of kei passenger cars and hybrid cars increased during fiscal [2005] [2006] , and that the fuel consumption by new cars of both types increased. Furthermore, as can be seen in Fig. 6 , gasoline con- [2005] [2006] amounted to increases in fuel consumption of 67.7 ML and 9.52 ML, respectively. In addition, the effect of a reduction in the number of existing old ordinary passenger cars on annual fuel consumption was −79.2 ML. Taken together, shifting from vintage ordinary passenger cars to new kei passenger cars and new hybrid cars can be represented as 67.7 + 9.52 − 79.2 = −1.98 ML. The result of our IDA revealed that the reduction in gasoline consumption resulting from these car replacements was only approximately 0.005 % of the annual gasoline consumption in fiscal 2005, which is considered to be very small. However, the findings show that this shift to new cars resulted in a reduction in gasoline consumption during fiscal [2005] [2006] , and that this was clearly due to a quiet boom in environmentally-friendly Japanese compact cars.
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Effects of Changes in Average Annual Travel Distance
Effects of Changes in the Number of Newly Registered Automobiles
Effect of Changes in the Market Share of Newly Registered Automobiles
We will now examine whether the shift observed during fiscal 2005-2006 occurred during other periods. The periods during which a reduction in gasoline consumption was attributable to a decrease in the number of existing cars owned was apparent in fiscal 2005-2006, 2001-2002, and 2006-2007. Examining the market share data for these periods revealed that an increase in the market share of ordinary passenger cars occurred during fiscal 2001-2002, and The effect of consumers shifting between different car models on gasoline consumption revealed that in 2005-2006 and 2006-2007, booms in both compact and hybrid car sectors caused shifts from old ordinary passenger car models to new kei and hybrid car models, respectively. We found that in 2005-2006 and 2006-2007 the effect of the car replacement boom on annual gasoline consumption has significantly increased from −0.005 % to −1 % and that the car replacements played a crucial role in reducing annual gasoline consumption.
How Much Did the Direct Rebound Effect Contribute to the Change in Gasoline
Consumption?
The annual variation in the gasoline price, obtained from the Petroleum Information Center at the Japan Energy Economics Institute (PIC 2009), shows that average annual gasoline prices increased from ¥101.5/L in 2003 to ¥124.6/L in 2005; an increase of approximately ¥23/L over two years. When passenger transport by railway, truck, and automobiles (bus, taxi, etc.) is considered, no changes in the number of passengers or distance were observed over the two-year period when gasoline prices increased. However, the use of railways and trucks for passenger transport increased dramatically after 2004. The effects associated with changes in the annual average travel distance shown in Fig. 1 reveal that during the period when gasoline prices increased rapidly (2002) (2003) (2004) (2005) , gasoline consumption decreased. However, the price influence of gasoline subsequently increased gradually during the period 2002-2005 (see Fig. 2 ). Following the energy rebound effect studies (see Greene 1992; Jones 1993; Goldberg 1998; Greene et al. 1999; Greening et al. 2000; Small and Van Dender 2007) , Mizobuchi (2011) estimated the direct gasoline rebound effect in Japan by using panel data analysis covering 19,074 people for over three years (2006) (2007) (2008) and obtained a statistically significant result. Based on his findings, the direct rebound effect can be estimated as
where d is the average annual travel distance, e −1 is liters of gasoline per kilometer (i.e., reciprocal of fuel mileage), p g is the gasoline price, and p s = e −1 × p g represents the gasoline price per kilometer (i.e., energy service price Sect. 4.5) , the environmental benefit from the car replacements was reduced by half through the direct rebound effects. The direct rebound effect seems to be crucial to reducing overall gasoline consumption as well as household CO 2 emissions from cars.
Conclusions
The results of this study showed that the consumption of gasoline for automobile use fluctuated considerably during fiscal 2000-2003, decreasing slightly in 2004 and then markedly during fiscal [2005] [2006] . The findings also showed that a reduction in the average annual travel distance contributed significantly to the observed reduction in the annual gasoline consumption. Conversely, increases in the number of kei and hybrid cars owned contributed to an increase in fuel consumption associated with the use of kei and hybrid cars. If the effect of vehicle type is considered, then the fact that 70 % of the automobiles owned in Japan are ordinary passenger cars is an important consideration. It was confirmed quantitatively that a reduction in the annual average travel distance of standard-sized cars has contributed considerably to reducing gasoline consumption in the country. In Japan, although practical sales of hybrid cars started in 1997, relatively few hybrid cars are owned in Japan and their influence on decreasing overall fuel consumption was shown to be extremely low. However, since the number of cars in this category is expected to increase in the future, gasoline consumption in Japan is likely to decrease in the future. The results also showed that kei passenger cars (light gasoline-powered vehicles) increased steadily throughout the analysis period and that this increase in the ownership of light cars has had the effect of decreasing overall gasoline consumption.
Regarding the effect of shifting between model types on gasoline consumption, shifting from old ordinary passenger cars to new ordinary passenger cars occurred during fiscal 2001 -2002 . Subsequently, in 2005 -2006 and 2006 in the compact and the hybrid car markets resulted in consumer preference shifting from old ordinary passenger cars to new kei and hybrid cars, respectively. The results show that these shifts in model types, which occurred three times during the period examined in this study, contributed to a reduction in gasoline consumption in every period. Importantly, we found that in 2005-2006 and 2006-2007 the effect of the car replacement boom on the annual gasoline consumption increased significantly from −0.005 % to −1 % and that the car replacements played a crucial role in reducing the annual gasoline consumption.
By reconciling the rebound effect analysis in Japan (Mizobuchi 2011) with the IDA proposed in this study, we estimated the economy-wide direct rebound effect of ordinary passenger cars during 2006-2007 to be 192 ML. Since the total effect of shifting from vintage ordinary passenger cars to new kei passenger cars and new hybrid cars during fiscal 2006 to fiscal 2007 was −395 ML, the environmental benefit attributable to car replacements was reduced by half through the economy-wide rebound effects.
However, the extent to which this shift in model type contributed to an overall reduction in gasoline consumption cannot be concluded based solely on the findings presented in this study, which also examined gasoline consumption at different life cycle stages associated with automobile use. Future studies should analyze the influence of shifting between models on energy consumption at the automobile manufacturing stage and disposal stage. Furthermore, long-term trends in these shifts should be analyzed in detail.
Thus, based on the results of the analyzes presented in this study, the reduction in fuel consumption resulting from the decrease in the annual average travel distance is greater than the reduction in gasoline consumption resulting from fuel consumption improvements. This means that limitations to short-term reductions in CO 2 emissions
